1. Introduction {#sec1}
===============

The indiscriminate use of antibacterial agents has led to one of the largest recent global health problems which is the emergence of bacterial resistance. Several bacteria genera have developed multidrug resistance, including*Escherichia coli*\[[@B1]\].*E. coli*are Gram-negative, nonsporulating facultative anaerobes, found primarily in the gastrointestinal tract of different species of domestic and wild animals and environments such as soil, water, and plants \[[@B2]\]. This pathogen can cause mild to severe infection, possibly leading to death from septicemia depending on the bacterial strain and its virulence, as well as host-related factors such as age and immunity \[[@B3]\].

In nonhuman primates, enteric infection by*E. coli* and the isolation of pathogenic strains from healthy animals have been documented \[[@B4]\]. Moreover, there are reports of the isolation of resistant and multidrug-resistant*E. coli* strains from wild animals \[[@B5]--[@B7]\]. This finding is important given the increased contact between wild animals and humans, enabling cross-species transmission (CRT) of these bacteria. Additionally, the synthesis of new antimicrobials has declined in recent years. As such, new treatment options are needed to overcome bacterial resistance.

Essential oils (EOs) are volatile and complex natural products derived from the secondary metabolism of plants and can be found in different plant parts, including the leaves and stalk. EOs probably consist of 20 to 60 different compounds, in which at least two or three are in higher concentrations, depending on the EOs \[[@B8]\]. These compounds exhibit significant therapeutic and pharmacological potential as well as antimicrobial properties, already established for Gram-positive bacteria and Gram-negative bacteria found in different animals species, including humans \[[@B7]--[@B16]\]. The main compounds with possible antimicrobial activity are terpinenes, cymenes, thymol, and carvacrol \[[@B17]--[@B20]\]. This antimicrobial effect is mainly related to changes on bacterial cell membrane permeability and integrity \[[@B21]\].

The Howler monkey is a primate from the family Atelidae and genus*Alouatta.*It is widely distributed, occurring from the states of Bahia to Rio Grande do Sul, and is listed as an endangered species \[[@B22]\]. Howlers are an arboreal species and their diet consists mainly of fruit, leaves, seeds, and flowers \[[@B23]\]. In Brazil, it is common practice to keep monkeys and other wild animals in captivity, where they are generally treated like humans. The animals are fed and medicated indiscriminately, largely receiving antibacterial agents. In addition, direct owner-animal contact is a public health problem, given the possible transmission of infectious zoonotic microorganisms as well as drug-resistant bacteria.

The aim of our study was to evaluate the susceptibility of 22*Escherichia coli*strains isolated from captive Howler monkeys (*Alouatta*) to seven essential oils, in order to assess their potential use as an alternative treatment for*E. coli*infection.

2. Materials and Methods {#sec2}
========================

2.1. *Escherichia coli* Strains Tested {#sec2.1}
--------------------------------------

We studied 22 strains of*E. coli,*isolated from the feces of Howler monkeys (*Alouatta*spp.) with diarrhea from the Anaerobe Laboratory of Universidade Federal de Santa Maria (UFSM).

2.2. Essential Oils {#sec2.2}
-------------------

The essential oils tested were Mexican oregano (*Lippia graveolens*), oregano (*Origanum vulgare*), rosemary (*Rosmarinus officinalis*), eucalyptus (*Eucalyptus citriodora*), citronella (*Cymbopogon nardus*), lemongrass (*Cymbopogon citratus*), and thyme (*Thymus vulgaris*). Mexican oregano essential oil was purchased from Agroindustrial Don Pablo (Chihuahua, CHIH, Mexico). Oregano, rosemary, eucalyptus, citronella, lemongrass, and thyme essential oils were purchased from Essential 7 (Roswell, New Mexico, USA), and all of them came in sealed amber glass bottles. EOs selection was based on previous studies from our laboratory and other studies \[[@B10]--[@B12], [@B19], [@B24], [@B25]\].

2.3. Minimum Inhibitory Concentration (MIC) {#sec2.3}
-------------------------------------------

The essential oils were weighed (1 g), diluted in methanol to a concentration of 640 mg mL^−1^ (solution I), and then diluted in Müller-Hinton broth at a proportion of 1 : 100, obtaining a concentration of 6400 *μ*g mL^−1^ (solution II). Based on standard M7-A7 of the Clinical and Laboratory Standards Institute (CLSI) (2006) \[[@B26]\], 100 *μ*L volumes of Müller-Hinton broth were distributed on a microtiter plate. Next, serial dilution was performed with solution II, obtaining final concentrations of 3200, 1600, 800, 400, 200, and 100 *μ*g mL^−1^. The*E. coli* were cultivated in Müller-Hinton agar and the colonies were then suspended in 0.085% saline solution, producing turbidity equivalent to McFarland Standard number 0.5 (1 × 10^8^ UFC mL^−1^). Each well containing essential oils was then inoculated with 10 *μ*L (1 × 10^5^ UFC mL^−1^) of this suspension. The microplates were incubated aerobically at 35°C/24 h. The MIC is the lowest concentration of essential oil that will inhibit bacterial growth. Positive controls for inocula growth as well as solvent and negative (medium alone) controls were included. All experiments were performed in triplicate.

2.4. Minimum Bactericidal Concentration (MBC) {#sec2.4}
---------------------------------------------

Minimum bactericidal concentration is the lowest concentration of essential oils required to kill the inoculum and was determined by the wells with no visible bacterial growth after 24 h of incubation. A 10 *μ*L aliquot was transferred from these wells to the surface of the Müller-Hinton agar. Essential oil concentration declined after 24 h incubation at 35°C, with no bacterial growth observed. Experiments were performed in triplicate.

3. Results and Discussion {#sec3}
=========================

In recent years, research has been conducted on the susceptibility of essential oils and their chemical compounds to different bacteria species isolated from domestic animals, humans, and food \[[@B9], [@B11], [@B12], [@B20], [@B27], [@B28]\]. The present study is the first to present results on the susceptibility of 22*E. coli*strains from Howler monkeys (*Alouatta*spp.) to seven essential oils.

The oil from*Lippia graveolens*was the most effective essential oil against the 22*E. coli*strains tested, of which 27.2% were inhibited at a concentration of 800 *μ*g mL^−1^ and 100% were inhibited by a concentration of 3200 *μ*g mL^−1^ (mean MIC = 1818 *μ*g mL^−1^; mean MBC = 2618 *μ*g mL^−1^) ([Table 1](#tab1){ref-type="table"}). This study found similar results to those reported in a previous investigation showing a moderate antimicrobial effect of Mexican oregano against*E. coli*isolated from poultry and cattle \[[@B12]\]. However, based on the MIC and MBC values obtained here, it can be inferred that the*E. coli* strains isolated from Howler monkeys showed greater susceptibility to essential oil of Mexican oregano than those isolated from poultry and cattle \[[@B12]\].

Results obtained for thyme (*Thymus vulgaris*) indicated a lower bactericidal effect and susceptibility than*L. graveolens*, with only 36.36% (8/22) of the 22*E. coli*strains tested inhibited by a concentration of 600 *μ*g mL^−1^ and 63.63% (14/22) inhibited at 3200 *μ*g mL^−1^ (mean MIC = 2618 *μ*g mL^−1^; mean MBC = 2909 *μ*g mL^−1^) ([Table 1](#tab1){ref-type="table"}). Other studies also show the antibacterial activity of*T. vulgaris*against*E. coli*strains isolated from different animal species \[[@B12], [@B18], [@B20]\]. However, Sartoratto et al. (2004) \[[@B18]\] found no effect for*T. vulgaris*against*E. coli*CCT0547.

The major compounds of*L. graveolens*and*T. vulgaris* EOs are *o*-cymene, *γ*-terpinene, thymol, and carvacrol \[[@B17], [@B19]\]. These compounds have shown antimicrobial activity against some bacteria, especially*E. coli* strains \[[@B8], [@B10], [@B17], [@B27]\]. Although the chemical compounds from the EOs used in our study were not analyzed, it could be suggested that *o*-cymene, *γ*-terpinene, thymol, and carvacrol were responsible for the antimicrobial effect against*E. coli* strains isolated from Howler monkeys, since those EOs were already evaluated in a previous study of our group \[[@B19]\]. However, further studies evaluating these constituents separately are necessary to assess their individual activity against*E. coli* strains.

Oregano (*Origanum vulgare*) is widely used as seasoning in several countries and its antimicrobial activity has also been demonstrated. In our experiment, essential oil of oregano showed lower antimicrobial activity than that of*L. graveolens*and*T. vulgaris* against 100% of the*E. coli*used (mean MIC = 3418 *μ*g mL^−1^; mean MBC = 4800 *μ*g mL^−1^) ([Table 1](#tab1){ref-type="table"}). MIC values (between 1600 and 3200 *μ*g mL^−1^) were lower than those recorded against*E. coli*from poultry and cattle \[[@B12]\]. However, our findings differed significantly from those reported in another study \[[@B18]\], where the authors tested an*E. coli*standard strain (CCT0547) and found no antimicrobial effect. By contrast,*Salmonella enterica* strains from poultry were highly susceptible to antibacterial treatment with oregano when compared to thyme \[[@B11]\]. It is important to underscore that the main components of oregano essential oil are carvacrol (at 66%--92.6% concentration), cymene (4.6%--9.2%), and thymol (1.0%--1.9%) \[[@B19], [@B20]\], suggesting that*E. coli*strains from Howler monkeys may be more susceptible to thymol than carvacrol or the thymol and carvacrol combination. However, further research is needed to confirm this hypothesis.

The other four essential oils tested, namely, rosemary (*Rosmarinus officinalis*), eucalyptus (*Eucalyptus citriodora*), citronella (*Cymbopogon nardus*), and lemongrass (*Cymbopogon citratus*), showed no antibacterial effect against the 22*E. coli*strains studied. Our results differed from those found by other researchers, who observed antimicrobial activity in these oils against Gram-positive and Gram-negative bacteria \[[@B10], [@B13], [@B14], [@B16]\]. Studies indicate that how essential oils are obtained, the season, and geographic distribution are factors that can change the composition of these oils and alter their antimicrobial properties \[[@B28], [@B29]\], thus explaining the different results obtained in a number of studies on plant essential oils.

In conclusion, the essential oils of*Lippia graveolens*,*Thymus vulgaris*, and*Origanum vulgare*used in the present study show potential for use as antibacterial agents against*E. coli* strains. Moreover, based on our findings, it can be assumed that *o*-cymene, *γ*-terpinene, thymol, and carvacrol were the active ingredients with the highest antimicrobial effect*in vitro* against*E. coli*strains.
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###### 

MIC and MBC of seven essential oils.

  Essential oils             MIC (*μ*g mL^−1^)   MBC (*μ*g mL^−1^)                                              
  -------------------------- ------------------- ------------------- -------- ------ ------------ ------ ------ ------
  *Lippia graveolens*        800--3200           1600                3200     1818   800--3200    3200   3200   2618
  *Thymus vulgaris*          1600--3200          3200                3200     2618   1600--3200   3200   3200   2909
  *Origanum vulgare*         1600--3200          3200                3200     3418   3200--6400   3200   6400   4800
  *Rosmarinus officinalis*   \>6400              \>6400              \>6400   ND     0            0      0      ND
  *Eucalyptus citriodora*    \>6400              \>6400              \>6400   ND     0            0      0      ND
  *Cymbopogon nardus*        \>6400              \>6400              \>6400   ND     0            0      0      ND
  *Cymbopogon citratus*      \>6400              \>6400              \>6400   ND     0            0      0      ND

MIC: minimum inhibitory concentration; MBC: minimum bactericidal concentration; ND: not determined.
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